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The Grand Forks Energy Research Center (GFERC) of t h e  Ehergy Research and 
Development Administration has reactivated a fixed-bed slagging coal gas i f i ca t ion  
p i l o t  plant which was formerly operated by the  Bureau of Mines. Design of t h e  
gas i f i e r ,  t h e  Bureau of Mines t e s t  r e s u l t s ,  and preliminary r e s u l t s  from t h e  ERDA 
program have been documented (1-4). 

A de ta i led  study of t he  slagging operation is one aspect of t h e  current GFERC 
The objective of t h i s  study i s  t o  develop accurate knowledge p i lo t  plant program. 

of t he  flow and heat t r ans fe r  behavior of t he  s l ag ,  both t o  improve operation of 
t h e  GFERC plant and t o  suggest design approaches f o r  fu ture  generation g a s i f i e r s .  
One of t he  important parameters i n  t h i s  work is t h e  s lag  v iscos i ty .  

The experimental determination of s lag  v iscos i ty  as a function of temperature 
i s  a d i f f i c u l t  procedure. Consequently, many e f f o r t s  have been made t o  develop an 
approach t o  ca lcu la te  t h i s  re la t ionship .  The equations generally proposed incor- 
porate one o r  more terms which a re  calculated from the  s lag  composition. 

The equation 

has been suggested i n  several  publications (5-7) f o r  ca lcu la t ing  v iscos i ty  as  a 
function of temperature. In t h i s  equation, T i s  expressed in  degrees Centigrade, 
and 2, i n  poises. M and C a r e  terms calculated from the  s lag  composition, being 
functions of S O 2 ,  A1203, Fe20-3, and CaO content. 
proposed f o r  calculating C and M .  These equations d i f f e r  s l i gh t ly  i n  the  values 
of the  coef f ic ien ts  of t h e  composition t e r m s .  The work done by Watt and Fereday 
( 6 )  i s  based on Br i t i sh  coa ls ,  while t ha t  reported by t h e  I n s t i t u t e  of Gas Tech- 
nology ( 7 )  i s  based on synthetic melts. 

Various equations have been 

Attempts were made t o  use equation [l] fo r  t h e  calculation of v i scos i t i e s  of 
some l i g n i t e  ash s lags  for  which experimental v i scos i ty  da ta  w a s  available a t  
GFERC. 
Bomkamp ( 7 )  were used. 
temperature range over which v iscos i ty  da ta  was ava i lab le  a t  GFERC (8) .  
t h e  r e s u l t s  a re  given in  Table 1. 

Both the  Watt-Fereday method ( 5 , 6 )  and t h e  modified equations suggested by 
A test temperature was selected from t h e  center of t he  

Some of 
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TABLE 1. Calculated Values of Lignite Slag Viscosities.A/ 

Lignite Slag Temperature Method lE' Method 2c/ Expt '1 Value 

Baukol-Noonan 1175' 197 11,600 42 
Indianhead 1260' 21 2,276 60 
Velva 1385O <1 1 350 

- A/ Sources and compositions of the coal ash slags are given in 
the appendix. 

- B/ Watt-Fereday Method. - C/ Modified Watt-Fereday Method. 

Since the results shown in Table 1 are clearly unsatisfactory, the devel- 
opment of additional modifications to equation [l] was undertaken. 
GFERC gasification program will test a variety of Western lignite and subbitu- 
minous coals, it was desired to develop an equation applicable to the widest 
possible range of slag compositions. 
for slags having the range of compositions shown below. 

Since the 

Viscosity-temperature data were available 

TABLE 2. Range of Slag Compositions Used in GFERC Study 

Component Range, Pet Component Range, Pct 

15-49 
9-27 
7-23 
3-43 

MgO 1-10 
Na20 .3-12 
K20 .l-4 

Equation [l] was rewritten as 

Y = M x + C  

where X = 107/(T-150)2 and Y = logloq. 
compute values of M and C for each slag, using a standard linear regression 
computer program. The results are given in Table 3. 

The experimental data were then used to 

TABLE 3. Values of C and M Computed by Linear Regression 

Slag/ 

Baukol-Noonan 
Bentinck 
Cronton-lgU 
~ronton-2721 
Dickinson 
Disco 
Di sco-Fld-/ 
Indianhead 
Thoresby 
Velva 

C 

-1.2180 
- .a604 
-1.2194 
- .9997 
-4.1015 
- .5266 
- .a429 
-4.0781 
- .7840 
-7.2934 

M 

.3069 

.5851 

.5288 

.5849 

.5945 

.4240 

.2948 

.7264 

.4892 
1.4996 

- A/ Source and composition data is given in the appendix. 
- B/ 19 pet ash coal. C/ 27 pet ash coal. 
- D/ 3 lb. blast furnace slag added per lb. of ash. 
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The computed values of C and M were used as input data f o r  a multiple l i nea r  
regression analysis f o r  t he  development of equations r e l a t i n g  C and M t o  s lag  
composition. Repeated computer t r i a l s  f a i l ed  t o  produce a sa t i s f ac to ry  fit of 
the  data.  A s  a r e s u l t ,  a t t en t ion  w a s  then focused on performing regression 
analyses for  s lags  only of a s ingle  petrographic c lass .  
c l a s s i f i ca t ions  and terminology r e f e r  t o  igneous rock petrography, r a the r  than t o  
coal petrography.) 

( In  t h i s  paper petrographic 

The t e s t  slags were divided in to  two groups on the  bas i s  of s imi l a r i t y  of 
composition: Baukol-Noonan, Disco-Flux, and Indianhead i n  t h e  f i r s t  group; and 
Bentinck, Cronton-19, Cronton-27, Disco, and Thoresby in  t h e  second. Detailed 
petrographic analyses were done for  Indianhead and Thoresby s lags ,  t h e  compositions 
of which a re  given i n  t h e  appendix. 
t h e  C.I.P.W. method ( 9 ) ,  following the  procedure outlined by Johannsen (10). 
This procedure i s  a taxonomic method for comparing chemical analyses from a 
petrological aspect.  The ana ly t i ca l  data i s  recalculated i n  terms of a s e t  of 
standard mineral molecules. 
and Thoresby t o  be feldspar normative. 

The petrographic c l a s s i f i ca t ion  was  done by 

Indianhead s lag  was found t o  be pyroxene normative 

Correlation coef f ic ien ts  were calculated between each of t he  major s lag  
components and the  values of C and M, f o r  both c lasses  of s lag .  The ca lcu la t ions  
were done using a standard l i nea r  cor re la t ion  computer program. This work was 
done so tha t  t h e  r e s u l t s  would serve as  a guide t o  which s lag  components might 
bes t  be  used i n  a multiple regression ana lys i s  fo r  developing equations t o  CalCU- 
l a t e  C and M. 
Table 4. 

The computed values o f t h e  cor re la t ion  coef f ic ien ts  are given i n  

TABLE 4. Linear Correlation Coefficients Between Slag Composition 
and Computed Values of C and M. 

moxene-normative Slags Feldspar-normative Slags 
Component C M C M - 

Si02 -. 369 .444 
M2O3 .554 -.485 
Fe203 - e  996 .999 

MgO .209 - .129 

K20 -.589 .521 

C a O  .360 -.283 

Na2O -.140 * 059 

.681 .094 
-.573 .570 

.168 .255 

.030 .140 
-.76O .940 

-.019 -.512 

-. 495 .200 

Multiple l inear  regression ana lys i s  of t h e  feldspar normative group developed 
t h e  following equations: 

c = -4.5413 - .2158 (K20) + .0883 (Si021 + .0091 (Al2O3) [31 

M = 0.3676 + .0783 (K20) - .0043 (M203) [41 

In these  equations t h e  concentration terms use the  ac tua l  weight percent values 
determined from t h e  chemical analysis.  . 

The viscosity-temperature re la t ionship  fo r  Cronton-19 s lag  was ca lcu la ted  by 
The appropriate ana ly t i ca l  subs t i tu t ing  equations [31 and [ 41  i n to  equation [l]. 

data fo r  t h i s  s lag  a r e  3.5 pct K20, 43.6 pct Si02, and 24.6 pct A12O3. 
shows t h e  experimental (11) and calculated v iscos i ty  curves. 

Figure 1 
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Although only l imi t ed  da ta  a re  available f o r  t h e  pyroxene normative slags,  a 
regression ana lys i s  was done t o  f i t  C and M values t o  Fez0 
t h e  high cor re la t ion  between these parameters. 

content because of 
Equations 751 and [6]  resulted.  

C = 0.8143 (Fe2O3) - 4.8749 [ 5 1  

M = 0.1135 (Fe2O3) - .5219 t61 

The viscosity-temperature curve f o r  Indianhead s lag  (Fe2O3 = 11.0 p c t )  calculated 
from equations [ 5 ] ,  [6 ] ,  and [ l ] ,  i s  given i n  Figure 2. 

These results demonstrate t h a t  t h i s  approach produces improved r e s u l t s  for  
t h e  specific s lags  s tud ied  thus f a r .  It is  suggested t h a t  c l a s s i f i ca t ion  of 
s l ags  by a petrographic procedure may be more usefu l  than other methods f o r  the  
production of v i scos i ty  e f f ec t s .  
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